C
ognitive decline is associated with risk for functional decline, nursing home placement, and mortality. [1] [2] [3] In older individuals, concerns about forgetfulness are widespread and are associated with depression and anxiety. [4] [5] [6] Interventions that reliably improve cognitive function thus have the opportunity to substantially improve the health and quality of life of older individuals.
Two general approaches for maintaining or improving cognitive function in older adults have emerged. The first approach is focused on direct instruction of putatively useful strategies. [7] [8] [9] [10] [11] [12] Although improvement on cognitive tests is generally seen after direct strategy instruction, perfor-mance gains typically do not generalize beyond tasks corresponding directly to the strategies taught, [13] [14] [15] and it is not clear that older adults continue to use learned strategies over time. 15 As a result, strategy training programs have not been widely adopted.
A second approach is derived from studies in animals 16 and humans [17] [18] [19] [20] that suggest that nonspecific cognitive stimulation reduces the risk of cognitive decline. This has led to the practice of encouraging older adults to engage in everyday cognitively stimulating activities, 14, 21, 22 but the retrospective and observational designs of the human studies have led to difficulty interpreting the direction of causation between cognitive function and cognitively stimulating activities. 22 Regardless of the design principles, large-scale randomized controlled trials of training programs that are broadly available for patient use are lacking, limiting the ability of physicians to make evidence-based recommendations to older adults experiencing cognitive decline.
In recent years, recognition of the importance of sensory system function to cognitive function has prompted the development of a novel approach for treating age-related cognitive decline. It has been proposed that age-related reductions in the quality of neural information flowing through peripheral and central sensory systems to cognitive systems contribute to age-related cognitive decline. 23, 24 Animal and human studies have demonstrated that the performance of sensory systems in the cerebral cortex can be substantially improved through intensive learning and practice and that plastic brain changes across networks of relevant cortical areas in the central nervous system mediate these improvements. 25, 26 Consequently, a cognitive training program designed to improve central sensory system function could potentially improve cognitive function in older adults. 27 Results are reported from the Improvement in Memory with Plasticity-based Adaptive Cognitive Training (IM-PACT) study, a large randomized controlled two-arm clinical trial using a broadly available cognitive training program (Brain Fitness Program, Posit Science, San Francisco, CA). The program is designed to improve the function of the auditory system through intensive brain plasticity-based learning and has shown promise in smaller-scale studies. 27, 28 The current study builds upon the earlier studies by broadening the outcome measures to include a positive control for task learning, more memory and attention measures, and participant-reported outcomes (PROs), as well as being powered to detect across group differences.
The primary objective was to evaluate the efficacy of this experimental treatment (ET) training program by comparing the magnitude of improvements on untrained measures of memory and attention between the ET training program and an active control (AC) training program that engaged learning processes but was not designed to improve auditory system function.
METHODS

Design
This was a multisite (Los Angeles, CA; Rochester, MN; San Francisco, CA) randomized controlled double-blind trial.
Participants
Inclusion criteria were aged 65 and older, Mini-Mental State Examination (MMSE 29 ) score of 26 or greater, English fluency, and ability to make time commitment. Exclusion criteria were major neurological or psychiatric illness history, including any history of stroke, transient ischemic attack, or traumatic brain injury; acetylcholinesterase inhibitor use; current substance abuse; significant communicative impairments; and concurrent enrollment in other studies. Recruitment took place through advertisements, flyers, direct mail, and presentations.
Procedures
Institutional review board approval and written participant consent describing the ET and AC programs were obtained. No reimbursement was offered, but computer equipment was provided to all participants at no cost during the training period. Interventions were self-administered at participants' homes; assessments occurred in clinical offices. Participants completed 40 sessions (1 h/d, 5 d/wk, for 8 weeks).
Participants not adherent to the training regimen (completing o10 sessions in the first month or skipping 410 consecutive sessions thereafter), those who during the study no longer met the inclusion and exclusion criteria, or those voluntarily withdrawing consent were discontinued from the study. In all cases, their pretraining data were retained for the intention-to-treat (ITT) analysis.
Participants were given sequential study identification numbers and randomly assigned to an age-stratified treatment group (20% aged 65-69, 40% aged 70-79, 40% aged 80). A random sequence of ET and AC assignments within each age stratum was generated before study commencement. Sites requested randomization allocation through e-mail, and a single staff member fulfilled requests through concealed randomization allocation sequence administered. Randomization was blocked according to site and age.
During the initial visit, an unblinded trainer installed the computer and provided individualized instruction and pretraining as needed in the use of the equipment and training program for both groups. The trainers used standardized scripts to describe the rationales and benefits of both programs to maintain participant blinding. ET and AC training tasks were self-administered. Trainers contacted participants weekly to identify and resolve technical problems and record adverse events.
Participants and clinicians administering and scoring outcome measures were blinded. Effectiveness of blinding was evaluated by administering a posttraining questionnaire to compare ET and AC group self-reports of perceived change in cognitive function and comparing proportions of ET and AC participants who voluntarily withdrew consent.
Training Programs
Brain Plasticity-Based ET The ET consisted of six computerized exercises designed to improve the speed and accuracy of auditory information processing. Exercises continuously adjusted difficulty to user performance to maintain an approximately 85% correct rate. Correct trials were rewarded with points and animations. Exercises contained stimulus sets spanning the acoustic organization of speech. The exercises included time order judgment of pairs of frequency-modulated sweeps, discrimination of confusable syllables, recognition of sequences of confusable syllables, matching pairs of confusable syllables, reconstruction of sequences of verbal instructions, and identification of details in a verbally presented story. During the initial stages of training in all exercises, all auditory stimuli were processed to exaggerate the rapid temporal transitions within the sounds by increasing their amplitude and stretching them in time. The goal of the processing was to increase the effectiveness by which these stimuli engage and drive plastic changes in brain systems that, in older adults, exhibit relatively poor temporal response properties. 27 This exaggeration was gradually removed over the course of the training period such that, by the end of training, all auditory stimuli had temporal characteristics representative of real-world rapid speech. In each training session, a participant worked with four of the six exercises for 15 minutes per exercise. Adherence was monitored using electronic data upload after each training session.
Educational Training AC AC training was required to have face validity; be consistent with common physician recommendations for cognitive stimulation; and match ET for training time, audiovisual presentation, and computer use. Thus the program employed a learning-based training approach in which participants used computers to view digital video disc (DVD)-based educational programs on history, art, and literature. Participants answered written quizzes after each training session that required the specific factual content knowledge presented by the DVD in that session. These quizzes served to ensure attention and learning during the training session and allowed quantitative measurement of compliance.
The trial design did not incorporate a no-contact control (NCC) condition based on comparisons of NCC and AC group auditory memory outcomes in previous work that showed equivalent cognitive improvements in NCC and AC groups. 27, 28 Pretraining Characterization Measures Demographics (age, education, sex, ethnicity, first language), cognitive status (MMSE, estimated intelligence quotient (Wechsler Test of Adult Reading) 30 ), depression (15-item Geriatric Depression Scale score 31 ), and sensory functions (audiometric function, tinnitus, hearing aid, eyeglass use) were measured.
Outcome Measures
The primary outcome measure was derived from Repeatable Battery for the Assessment of Neuropsychological Status (RBANS 32 ), a standardized neuropsychological assessment battery that is sensitive to mild cognitive deficits. Because the ET focused on improving auditory processing, the primary outcome measure (RBANS Auditory Memory/ Attention) was derived from the six RBANS subtests that use orally presented speech as stimuli (list learning, story memory, digit span forward, delayed free list recall, delayed list recognition, delayed free story recall). Raw scores were converted to scaled scores based on look-up tables mapping normative RBANS population data to optimal Gaussian distributions. Delayed list recall and recognition were summed before scaling to allow inclusion of the skewed recognition data. The five equally weighted scaled scores were then summed and mapped to a composite index score (average 5 100, standard deviation AE 15).
Because the RBANS may exhibit ceiling effects in highly functioning older adults, 28 additional assessments of auditory memory and attention were used to provide further information about the robustness of generalization. Standardized published measures that met the following criteria were chosen: use of orally presented speech as stimuli, sensitivity to age-related cognitive decline, lack of test-retest effects through use of multiple forms or stimuli that are not remembered across assessment visits, and relevance to memory and attention. ) letter-number sequencing (LNS) and digit span backwards tests. An overall composite score (Overall Memory) combining RAVLT total score and word list delayed recall, RBMT immediate and delayed recall, and LNS and digits backwards was derived as described for RBANS Auditory Memory/Attention; because of the lack of published co-normed data, standardization was based on the pretraining score distribution.
Secondary outcomes also included a directly trained measure of exercise performance derived from the ET processing speed exercise, as well as a pre-post PRO measure that assesses perceptions of cognitive abilities (Cognitive Self-Report Questionnaire, CSRQ-25 36 ). The CSRQ-25 consists of 25 statements about cognition and mood in everyday life over the past 2 weeks, answered using a 5-point Likert scale. The CSRQ-25 was developed as a PRO, because existing PROs do not include questions relevant to cognitive training, are not appropriate for healthy older adult population, or were designed to measure cognitive impairment rather than be sensitive to improvement. The CSRQ-25 was validated using factor analysis on 207 healthy older adults before this study. Concurrent and divergent validity were established by examining correlations (Po.05) with subscales of the Life Satisfaction Scale (LSS), 37 Cognitive Failures Questionnaire (CFQ), 38 and Geriatric Depression Scale. 31 Reliability measures include Cronbach alpha 0.91, Spearman-Brown split-half reliability 0.94, and 2-month test-retest reliability 0.85.
A posttraining questionnaire was used to assess the maintenance of participant blinding. The measure consisted of 64 statements addressing eight different cognitive performance abilities (e.g., recall) asking whether participants believed that they improved, remained the same, or worsened specifically because of being in the study. The sum across all questions was used as a measure of participants' belief in the efficacy of their training arm.
Clinical assessors were trained using a standardized protocol, and their performance was monitored and corrected as necessary throughout the study. A second blinded assessor double-scored assessments.
Measures were collected at pre-and posttraining visits. Counterbalanced parallel forms of the RBANS, RAVLT, and RBMT were used to reduce the potential of test-retest effects.
Analysis A predefined analysis plan specified sample size, the ITT population, and the statistical approach.
Sample size was calculated using data from smaller studies 27, 28 to detect an effect size of 0.25 at 80% power for the primary outcome measure. The ITT sample included all participants completing the initial training visit, including those discontinued for training nonadherence, dropped for the previously described inclusion or exclusion reasons, voluntarily withdrawn, lost to follow-up, or dead.
Individual linear mixed effects models were fit for the primary and each of the secondary outcomes measures. Missing data were accounted for using iterative full-information maximum likelihood estimation of relevant model parameters. This approach allows the use of the entire ITT group while optimally estimating treatment effects in the presence of missing data in a statistically unbiased manner. It is generally considered superior to simple imputation (e.g., last observation carry forward), [39] [40] [41] and in the case of a complete data set is similar to a repeated-measures analysis of variance. For comparison of ET to AC in the ITT group, each model included treatment group and time as fixed factors and site as a random factor. An interaction term (training group Â time) estimated the effect of cognitive training on outcome measure change.
To confirm that the statistical approach or missing data did not misrepresent the results, each outcome measure was also analyzed with an analysis of covariance (ANCOVA) of the pre-to posttraining difference score in the fully evaluable sample, using pretraining score as a covariate and training group as a factor. P-values from the training group Â time interaction term (from the linear mixed model) or the training group factor (ANCOVA) were evaluated for significance. In all cases, the significance and effect sizes from the linear mixed model and analysis of covariance approach were similar (i.e., all outcome measures showing significance or nonsignificance in the linear mixed model analysis showed the same effect in the ANCOVA analysis). Data from the linear mixed models are reported in the Results section.
A single primary outcome measure (RBANS Memory/ Attention) was predefined to conserve an overall alpha level of 0.05. No corrections for multiple comparisons were made on the secondary measures.
Program usage, assessed in terms of the number of hours spent in training, was compared across treatment groups using independent-samples t-tests. One-sample t-tests were used to test whether self-reports on the posttraining questionnaire were significantly different from zero.
Adverse events (AEs) were collected at points of contact between study staff and participants and when volunteered by participants. A blinded medical monitor categorized events according to body system, severity, and training relatedness. The ET and AC groups were considered equivalent if the frequency of events were within 15 percentage points.
An independent data management contractor conducted analyses using SAS version 9.0 (SAS Institute Inc., Cary, NC) and SPSS version 15 (SPSS Inc., Chicago, IL).
RESULTS
Participants
Of 1,112 individuals contacted, 487 (43.8%) were eligible, 568 (51.1%) were ineligible, and 57 (5.1%) refused participation (Figure 1) . Recruitment was conducted from The ITT sample consisted of 487 participants (ET 5 242; AC 5 245). Pretraining demographic, sensory, and overall cognitive function characteristics appear in Table 1 . Pretraining performance on outcome measures is listed in Table 2 . Except for sex (ET 5 42.1% male, AC 5 53.1% male, P 5.02), there were no significant differences between the ET and AC samples.
Noncompletion rates (training nonadherence, investigator drop for inclusion or exclusion reasons, voluntarily withdrawn, lost to follow-up, or dead) were not statistically different between the ET and AC groups (drop or withdrawal: ET 5 19, 7.9%; AC 5 32, 13.1%; P 5.06, chisquare test), although there was a trend toward greater noncompletion in the AC group. There were no drops or withdrawals due to participant inability to learn to selfadminister the ET or AC training programs. At baseline, the ET and AC noncompletion group was not significantly different in terms of demographic or sensory characteristics from the group that completed posttraining testing but scored significantly lower on cognitive function measures, including the MMSE (29.2 vs 28.6, P 5.001).
Training Effects on Outcome Measures (ITT Sample)
The ET and AC difference in sex was corrected for by including a fixed factor for sex in all statistical analyses. The fixed sex factor did not significantly affect results, nor was sex found to interact with training effects. All other pretraining characteristics were equivalent across groups and were thus not included in the statistical analyses. Change scores, significance, and effect sizes (Cohen d) for ET and AC comparisons are reported in Table 2 . The results presented below and in Table 2 pertain to training group (ET vs AC)-by-time interactions. For significant effects, the interaction indicates that training benefits were greater in the ET group than in the AC group.
There was a significant effect (P 5.02) on the primary outcome measure (RBANS Auditory Memory/Attention), indicating greater improvement in the ET group. Performance in the ET and AC groups improved by 3.9 and 1.8 index score units, respectively, yielding an effect size of 0.23.
Significant effects favored the ET group on the directly trained performance measure (Po.001; ET 5 À 68 and AC 5 À 8 ms, d 5 0.87). On the untrained measures of memory and attention, there were significant effects favoring the ET group for overall memory (P 5.002; 14. To further characterize the results, reliable change score analysis was performed. A pre-posttraining change score criterion of 10.2 standard deviations of the pretraining scores was used to identify participants in the fully evaluable group showing reliable changes. 15 Consistent with the results from the primary analyses of the outcomes measures as continuous variables, the analyses demonstrated that a larger percentage of participants in the ET group showed changes on each outcome measure than in the AC group (Table 3) .
The effectiveness of the participant blind was evaluated in two ways. First, the posttraining questionnaire was analyzed as an indicator of participant belief in the effectiveness of training. Second, the rate of participant voluntary withdrawal of consent over the course of training was used as an indicator that participants did not believe the training was benefiting them. In the first analysis, both groups selfrated themselves as having improved cognitive function (both one-sample t-tests significantly different than 0, Po.001). For the second analysis, rates of participant voluntary withdrawal of consent were not statistically different between the ET (n 5 14, 5.9%) and AC (n 5 23, 9.7%) groups (P 5.12, chi-square test).
Adverse Events
Of the 81 training-related AEs (77% mild, 22% moderate, 1% severe), 34 related to physical symptoms (musculoskeletal pain, fatigue, headache; ET 5 19 incidents, AC 5 15), 28 related to psychological symptoms (e.g., anxiety, bore- t-tests were used for continuous variables and chi-square tests for categorical variables. There were no significant differences between groups with the exception of sex, which was significantly different (P 5.02). SD 5 standard deviation. 
DISCUSSION
The IMPACT study is the first large-scale randomized controlled clinical trial of a broadly available cognitive training program with older adults to show generalization of performance gains to untrained standardized measures of memory and attention. Significant improvement favoring the ET group on a performance measure directly related to the trained tasks was expected and was consistent with the generally large effect sizes seen on directly trained tasks in other training programs. 42, 43 Unique to this study, performance improvements generalized to untrained standardized measures of memory and attention, implying that robust gains occurred across systems serving auditory-based cognition. Moreover, self-reported improvements by participants suggest that the changes may be behaviorally significant.
Characteristics of the IMPACT study design and results suggest that it is most likely that the specific approach taken in the brain plasticity-based training program account for the significantly greater improvements in performance observed for the ET group. First, the AC program mimicked recommendations for mental stimulation often made by healthcare providers, offered the real possibility of performance improvements on the outcome measures. This intentional incorporation of a learning-based AC program instead of an inactive placebo control set a high criterion for measuring success. Second, self-reports of posttraining benefit and participant voluntary withdrawal of consent rates were similar for the ET and AC groups, suggesting that the blinding procedures used were effective and, thus, that placebo effects were equivalent in both groups. In addition, although it is always possible in cognitive training studies that observed performance gains in the experimental group represent improved test-taking skills resulting from testtaking practice, this is an unlikely explanation in the IM-PACT study. AC included paper-based written quizzes after each training session, whereas ET did not; thus, AC provided at least equal opportunities as the ET for developing the paper-based test-taking skills used during the neuropsychological assessment. Finally, it is unlikely that novelty of computer use, contact with staff, time spent being cognitively active, or nonspecific cognitive stimulation can explain the improvements in cognitive function, because these factors were all matched between the ET and AC groups.
The largest study of cognitive training in older adults (the Advanced Cognitive Training for Independent and Vital Elderly Study 44 ) included a speed-of-processing training exercise sharing certain design principles with ET exercises in IMPACT, notably intensive practice, focus on perceptual speed and accuracy, use of adaptive algorithms, and emphasis on attention and reward. Training with this exercise showed a large effect size on the directly trained outcome measures 43 and less risk of serious decline in health-related quality of life at follow-up visits. 45, 46 Additional studies have shown generalization of improvement to directly observed functional measures. [47] [48] [49] [50] Collectively, these results suggest that training programs incorporating intensive practice, focus on perceptual speed and accuracy, use of adaptive algorithms, and emphasis on attention and reward may represent a promising class of cognitive training approaches that will exhibit generalization and thus may be effective at countering age-related cognitive decline.
The magnitude of the effect sizes suggests that the results are clinically significant. Draft guidelines from the American Psychological Association 15 have defined a 0.20 effect size as the threshold for clinical significance. In addition to the directly trained performance measure, seven of the nine generalized outcomes measures show a statistically significant effect size of 0.20 or larger (range 0.20-0.33) in the ITT population.
Study demographics (primarily Caucasian and well educated) limit the interpretation of data from IMPACT. In addition, no measures of executive function or overall functional status were included. It would clarify the clinical utility of the training to expand the assessment battery in future studies. Given the promise of this training approach, it would also be of interest to expand the training program to target executive functioning and functional status directly. Future analyses should also determine whether performance gains are maintained over time, which would provide evidence that the training produces plastic brain changes. Additionally, further research to explore the underlying mechanism of action contributing to improvements ascribed to the ET group through physiological mechanism such as functional magnetic resonance imaging may be warranted. Finally, the possibility cannot be excluded that the AC training program could show superior effects on other measures not employed in this study.
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